Traumatic brain injury (TBI) is closely and bi-directionally linked with alcohol use, as by some estimates intoxication is the direct or indirect cause of one-third to one-half of all TBI cases. Alcohol use following injury can reduce the efficacy of rehabilitation and increase the chances for additional injury. Finally, TBI itself may be a risk factor for the development of alcohol use disorders. Children who suffer TBIs have poorer life outcomes and more risk of substance abuse. We used a standardized closed-head injury to model mild traumatic brain injuries. We found that mice injured as juveniles but not during adulthood exhibited much greater alcohol self-administration in adulthood. Further, this phenomenon was limited to female mice. Using behavioral testing, including conditioned place preference assays, we showed that early injuries increase the rewarding properties of alcohol. Environmental enrichment administered after injury reduced axonal degeneration and prevented the increase in drinking behavior. Additionally, brain-derived neurotrophic factor gene expression, which was reduced by TBI, was normalized by environmental enrichment. Together, these results suggest a novel model of alterations in reward circuitry following trauma during development.
Introduction

I
n the United States alone, each year approximately 1.7 million individuals are treated in hospitals for a traumatic brain injury (TBI). 1, 2 The Centers for Disease Control and Prevention have estimated that there are likely an additional 3.8 million untreated concussions in the U.S. annually. 3 A large subset of these injuries occurs in young children. Children who suffer TBIs early in life are at a much greater risk for alcohol abuse disorders later in life and this is of particular importance in light of the data linking post-TBI drinking to poorer long-term outcomes. [4] [5] [6] [7] Alcohol use and misuse are closely and bi-directionally linked to TBI; by some estimates, intoxication is the direct or indirect cause of one-third to one-half of all TBI cases. 8, 9 There also is mounting clinical and experimental evidence that TBI increases problem alcohol intake. [9] [10] [11] [12] Problem drinking also greatly increases the chances for additional TBI later in life, which can produce much greater impairments in previously injured patients. 4 Children who suffer TBI are less likely to complete their education, find employment, and marry, and are more likely to suffer from poor health, neurological symptoms, and psychiatric ailments, which interact with, or are exacerbated by, alcohol misuse. 4, 13, 14 Therefore targeting the substance abuse issues in TBI patients can have significant and long-term health benefits.
Human clinical findings have indicated that TBIs early in life have long-term deleterious consequences and exacerbate the response to subsequent injuries. 15 Alcohol consumption is both a major risk factor for TBI and can decrease the effectiveness of rehabilitation. 8 Additionally, some epidemiological studies have reported that TBI can increase problem alcohol use later in life. 15 However, the underlying neuronal mechanisms associated with increased drinking in clinical TBI patients are difficult to determine, given the heterogeneity of injury severity and type, age at injury, prior history of substance abuse, sex differences, and myriad psychosocial factors. In order to begin to address these issues, we have developed a model of mild closed-head TBI that we administered in juvenile and adult mice in order to determine whether TBI increases spontaneous alcohol self-administration when the first exposure to alcohol occurs in adulthood, and whether early life injuries would exacerbate this behavioral response to injury.
Methods
Experiments in this report utilized Swiss-Webster mice bred at Ohio State University (OSU) and derived from breeders purchased from Charles River (Wilmington, MA). Pups were weaned at 21 days of age and housed in standard conditions in groups of 3-5 same-sex conspecifics (unless otherwise specified) in a standard mouse cage (32 · 16 · 12 cm). Mice had ad libitum access to food (Harlan-Teklad #8640, Madison, WI) and filtered tap water and housed in a 14:10 light-dark cycle. All procedures were approved by the OSU Institutional Animal Care and Use Committee and were conducted in accordance with National Institute of Health guidelines.
TBI procedure
A mild closed-head injury was induced using an Impact One device (Leica Biosystems, Richmond, IL). For juvenile mice, 21-day-old mice were secured in a stereotaxic frame and the skull was exposed using aseptic surgical technique. The impactor was placed gently on the surface of the skull (-1 AP, 1-ML relative to bregma) and then the stainless steel impactor tip (round; 2 mm in diameter) was driven into the closed skull to a depth of 1 mm at 3 m/sec (dwell time, 30 msec). This treatment reliably produces mild TBI without skull fracture, hemorrhage, or mortality. The sham procedure was identical except the impactor is lowered into contact with the skull and then retracted. The skin was closed with nylon sutures. Surgeries on 60-day-old adults were identical except that the coordinates were -2AP, -2ML and the impactor tip was 3 mm in diameter.
Alcohol self-administration
Mice were given daily access to two bottles, one containing water and the other ethanol diluted in water. The ethanol concentration (v/v) was increased every 4 days; mice received 3%, 6%, 10%, and finally 20% ethanol. Fluid intake and body weight were assessed every 2 days. The positions of the bottles were changed every 2 days to control for position preferences. Average ethanol consumption per day was obtained for each ethanol concentration. To obtain a measure of ethanol consumption that corrected for individual differences in mouse size, grams of ethanol consumed per kilogram of body weight per day were calculated for each mouse. As a measure of relative ethanol preference, an ethanol preference ratio was calculated by dividing the total ethanol solution consumed by total fluid (ethanol plus water) consumption. Using the same paradigm, mice also were given access to escalating concentrations of the bitter tastant quinine (0.1 mM and 0.3 mM) and water sweetened with saccharine (1.6 mM and 3.2 mM).
Loss of righting reflex
Mice were injected with 4 g/kg of a 20% ethanol solution intraperitoneally (IP) 16 and the latency to the loss of righting reflex was visually recorded. Following loss of righting reflex, mice were placed on their backs in a V-shaped container and return of righting reflex was recorded when the mice could right themselves twice in 1 min.
Conditioned place preference
Plastic chambers measuring 42 · 30 · 18 cm were divided in half by a separator wall. Chambers were designed with different tactile (grid canvas floor of different materials and shape) and visual cues on the walls (thin stripes vs. checkerboard pattern). On Day 1, mice were injected with saline (10mL/kg; IP) and allowed to explore the two sides freely for 5 min in order to habituate to the apparatus and determine side bias. Mice were then assigned to receive alcohol on one of the sides of the chamber in such a manner as to minimize initial side biases. Mice were injected with ethanol (2 g/kg of a 20% ethanol solution IP) on Days 2, 4, 6, and 8 of conditioning and were confined to the assigned side of the chamber for 5 min daily. On Days 3, 5, 7, and 9, mice were placed in the opposite side and injected with saline. On day 10 mice were injected with saline and allowed to freely explore the chambers and the time spent in both the alcohol-conditioned and saline-conditioned sides was recorded. Following conditioned place preference (CPP) testing, mice were returned to their home cages for 4 days and then were injected again with either ethanol (2 g/kg) or saline, and then perfused 2 h later for analysis of immediate early gene expression.
Environmental enrichment
Mice were housed in larger rat-sized cages (45 · 25 · 20 cm) 5-8 mice/cage with a running wheel, chew toys, Habitrail, extra nestlets, and deeper bedding. Toys and wheels were changed weekly throughout the experiment.
Real-time polymerase chain reaction
Fresh brains were removed, placed in RNAlater RNA storage buffer and then prefrontal cortex from the injured hemisphere was dissected out. RNA was extracted using Trizol reagent (ThermoFisher Scientific, Waltham, MA), reverse transcribed with M-MLV and quantitative polymerase chain reaction (PCR) conducted with Taqman.
Tissue processing
Mice were overdosed with sodium pentobarbital and transcardially perfused with 4% paraformaldehyde following injury. To assess degeneration of neuronal processes, we performed silver staining using a NeuroSilver Kit (FD Neurotechnologies, Columbia, MD) according to the manufacturer's instructions. Sections were cut at 40 lm on a cryostat, stained with the silver staining kit, mounted on gel covered slides and then coverslipped with permount. C-Fos immunoreactive cells were labeled using an antibody obtained from Santa Cruz Biotechnology (SC-52; Dallas, TX) and visualized with ABC and DAB (Vector Laboratories, Burlingame, CA). Fluoro-Jade C staining was conducted according to our previously published methods. 17 
Microscopy
Axonal degeneration was assessed by qualitatively rating the number and distribution of argyrophilic axonal segments in the corpus callosum and other forebrain white matter tracts by an observer blinded to the experimental conditions. Multiple sections (at least three) were scanned at 10· magnification and then regions of degeneration were viewed at 40·. The degree of staining was then scored on a 4-point scale (0 = few axonal profiles, 3 = dense axonal degeneration throughout white matter tracts and the corpus callosum bilaterally). 17 C-Fos immunoreactive cells were counted bilaterally following acquisition of z stacks consisting of 10 sets of 4 lm slices per region. Stacks from the accumbens core and shell, central nucleus of the amygdala, and periaqueductal gray were flattened and cells counted using the Image J cell counter. Cell counts were conducted in defined regions of interest (ROIs) for each region (accumbens, ROI = 0.072 mm 2 ; amygdala, ROI = 0.04 mm 2 ; periaqueductal gray, ROI = 0.22 mm 2 ) and are reported as cells per mm 2 . Our analysis did not reveal significant hemisphere differences in c-Fos numbers; therefore, the cell count is averaged across hemispheres for each animal, and the counts are reported as the average across groups. An investigator blinded to experimental conditions performed all analyses.
Protocol ( Fig. 1 ) Experiment 1. The effect of juvenile and adult TBI on drinking behavior in male and female mice. Male and female mice (n = 8-10 per group), underwent a TBI (or sham) procedure at 21 days of age, 60 days of age, or both time-points, resulting in the following groups: TBI/sham (injury only at 21 days), TBI/TBI (injuries at both time-points), sham/TBI (injury only at 60 days), or sham/sham (control). Beginning at the age of 80 days, mice were assessed for alcohol self-administration, followed by tastant detection and loss of righting reflex (LORR) testing.
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Experiment 2. Effects of early TBI on CPP and immediate early gene expression following alcohol administration. Male and female (n = 7-9 per group) mice underwent a single TBI (or sham) procedure at 21 days of age, then all mice received a sham procedure at 60 days and were assessed for alcohol CPP beginning on Day 80. At the end of the experiment, all mice were injected with 2 g/kg ethanol (or saline control) and perfused 2 h later. Experiment 3. Effects of environmental enrichment on drinking behavior and injury outcome. Female mice (n = 6 per group) underwent a TBI (or sham) procedure at 21 days of age and were immediately placed in environmental enrichment (or standard) housing. One cohort was sacrificed 1 week after enrichment for tissue collection for PCR or silver staining, an additional cohort was maintained in enrichment for 6 weeks, then single housed for 1 week before testing for alcohol self-administration.
Statistical analysis
Alcohol self-administration was analyzed via a four-factor repeated measures analysis of variance (ANOVA). CPP data were analyzed via paired t-tests. All other animal data were analyzed via ANOVA and all results were considered significant at p £ 0.05.
Results
Experiment 1: Juvenile TBI increases alcohol drinking
We injured animals of both sexes either at 21 days of age, 60 days of age, or during both developmental periods and assessed spontaneous alcohol consumption in adulthood. Surprisingly, juvenile TBI (21 days) significantly increased alcohol consumption in adulthood in a 2-bottle choice test but only in females (F3,63 = 4.152; p = 0.01; g2 = 0.16; Fig. 2A ). Alcohol consumption and the ratio of alcohol:water were both significantly increased in female mice that were injured at 21 days. Conversely, there was no effect of juvenile TBI on drinking behavior in males ( p > 0.05; Fig. 2B ). Finally, injuries during early adulthood (60 days) either alone or in combination with juvenile injuries did not alter alcohol consumption in either sex ( p > 0.05 in all cases).
To determine if enhanced alcohol consumption in injured females was mediated by alterations in the ability to detect tastants, we performed additional two-bottle choice experiments with two concentrations of quinine and two concentrations of saccharine (Table 1) . Neither juvenile nor adult TBI altered intake or the tastant:water ratio of any stimulus. Next, we tested whether the kinetics of the alcohol response were altered after TBI by performing a loss of righting reflex test. Again, injuries did not alter the latency to loss of righting reflex or the total time unconscious ( p > 0.05 in all cases). Taken together, these data suggest that enhanced alcohol self-administration following TBI is not mediated by either a reduced ability to detect various tastants or long-term changes in alcohol metabolism. These results led us to investigate injury-induced changes in the rewarding properties of alcohol.
Experiment 2: Alcohol produces CPP only in injured female mice
To assess whether TBI during juvenile development alters the reinforcing properties of alcohol, we conducted a CPP test, a wellvalidated assay of drug reward. As there was no effect of adult FIG. 1. Experimental timeline. Experiment 1 investigated whether juvenile and/or adult TBI altered alcohol self-administration, detection of tastants, or behavioral sensitivity to alcohol in adulthood. Experiment 2 tested whether juvenile injury enhanced the hedonic response to (2 g/kg) alcohol in the conditioned place preference paradigm and the effects of alcohol on immediate early gene expression in adulthood. In Experiment 3, environmental enrichment immediately after juvenile injury was used as a proxy for early intervention, and drinking behavior and injury outcomes were assessed. Preference and consumption of bitter (quinine) and sweet (saccharine) tastants were assessed in two bottle preference tests following sham or traumatic brain injury in adolescence and/or adulthood. No significant differences are reported between groups for either tastant at the concentrations tested. Data for tastant measures are presented as group mean (-standard error of the mean [SEM]), preference is determined for each tastant relative to water, consumption is reported as mL/g body mass. The loss of righting reflex (LORR) was measured following a 4g/kg (intraperitoneal) injection of 20% ethanol. Latency to LORR is reported in seconds (-SEM), and total time spent unconscious is reported in minutes (-SEM). No significant differences are reported between groups for LORR measures.
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injuries on alcohol preference, we chose to focus on only the juvenile injuries in this experiment. CPP responses to alcohol were only evident in female mice that had been injured at 21 days of age (t11 = -3.374; p = 0.006; g2 = 0.48; Fig. 3A ), whereas sham injured females and males of both injury groups showed no CPP relative to the baseline test. In order to examine the neurological substrates of this phenomenon, we injected the female mice that had undergone CPP with either alcohol or saline and collected tissue 2 h later to assess expression of the immediate early gene product c-Fos (Fig. 3B, 3C ). Juvenile TBI altered the pattern of cFos expression across the reward pathway but in females only. In female mice, in the core of the nucleus accumbens, for instance, ethanol reduced c-Fos expression in sham-injured animals (F1,22 = 1.396; p = 0.048; g2 = 0.13) but had no effect in injured animals. In contrast, TBI increased c-Fos expression in the shell of the accumbens in injured female mice, regardless of ethanol treatment (F1,25 = 4.061; p = 0.05; g2 = 0.14). In the central amygdala, alcohol also reduced c-Fos expression in sham-injured mice but did not alter c-Fos in injured females (F1,23 = 3.939; p = 0.05; g2 = 0.13). Finally, in the periaqueductal gray, alcohol greatly increased c-Fos expression but only in injured females (F1,16 = 3.763; p = 0.028; g2 = 0.21). In contrast, there were no effects of either juvenile TBI or alcohol on c-Fos expression in the accumbens, amygdala, or periaqueductal gray in male mice ( p > 0.05 in all cases; Table 2 ). Taken together, these data indicate that juvenile TBI alters both the behavioral response to alcohol conditioning and the pattern of neuronal activation associated with alcohol seeking and reward, but does so only in female mice.
Experiment 3: Environmental enrichment prevents TBI-induced increases in drinking, reduces axonal degeneration, and increases brain-derived neurotrophic factor gene expression
Given that injuries early in life greatly increased alcohol consumption in female mice, we next sought to determine whether environmental enrichment, a manipulation that both modulates addiction-related behaviors and protects the nervous system from TBI-induced damage, would reduce the increase in drinking behavior. We housed female mice in enriched environments immediately following TBI for 6 weeks before separating the animals to examine alcohol self-administration. Remarkably, environmental enrichment abolished the enhancement of drinking behavior induced by juvenile TBI (F1,19 = 3.840; p = 0.026; g2 = 0.37; Fig.  4A ). In a separate cohort of mice housed for only 1 week after TBI in enriched conditions, we extracted mRNA from the prefrontal cortex and identified that TBI significantly reduced cortical brainderived neurotrophic factor (BDNF) expression. In contrast, environmental enrichment increased BDNF gene expression, relative to standard housing, and specifically prevented its reduction following TBI (F1,13 = 23.374; p < 0.0001; g2 = 0.47; Fig. 4B ). Next, we examined whether environmental enrichment would reduce neuronal degeneration following TBI. One week of environmental enrichment immediately following juvenile TBI significantly reduced the degree of axonal degeneration in the forebrain as indicated by silver staining (F1,33 = 5.212; p = 0.029; g2 = 0.05; Fig.  4C, 4D) . Finally, examination of Fluoro-Jade C staining revealed no evidence of neuronal cell death (data not shown). Immunohistochemistry and quantitative analysis of cFos expression following a (2 g/kg) injection of ethanol, or saline in females. TBI and ethanol injection produced significant differences in cFos expression in the accumbens core, shell, central nucleus of the amygdala, and periaqueductal gray. An asterisk (*) indicates significant differences between indicated groups ( p < 0.05). Scale bar = 100 lm.
ADOLESCENT TBI AND ALCOHOL CONSUMPTIONDiscussion
This work provides both mechanistic insight and a powerful animal model to study the biology of post-traumatic alcohol misuse. In contrast to our hypothesis that juvenile and adult injuries would interact to alter adult behavior, we show that mild TBIs that occur during juvenile development, but not in adulthood, produce long lasting increases in alcohol self-administration and alter the reinforcing properties of alcohol. Further, this effect is limited to females, as male mice that underwent an identical surgical procedure did not display altered drinking behavior in adulthood, CPP to intraperitoneal alcohol, or changes in c-Fos expression. Critically, the changes in drinking behavior could be rescued by housing mice in an enriched environment following injury, a manipulation that also reduced axonal degeneration and normalized BDNF gene expression.
An increase in alcohol self-administration in rodents can be caused by a number of different proximate mechanisms, including alterations in the senses of taste or smell, changes in alcohol pharmacokinetics, and alterations in the rewarding and/or aversive properties of ethanol. 18 The data contained in this manuscript strongly implicate alterations in reward-related circuitry following juvenile TBI. Female mice injured at 21 days of age did not differ from sham-injured mice in self-administration of bitter or sweetened liquids and exhibited similar responses in the loss of righting reflex assay, indicating that sensory or pharmacokinetic changes are unlikely to mediate the enhanced drinking behavior in injured females. 16 In contrast, intraperitoneal alcohol, which bypasses oral Traumatic brain injury (TBI)/SHAM male mice were injected with ethanol (2 g/kg) or saline, and brain tissue harvested 2 h later. Quantitative analysis of c-Fos-positive cells in the nucleus accumbens, amygdala, and periaqueductal gray revealed no significant surgery or injection effects; all p > 0.05. Data are presented as group mean (-standard error of the mean).
FIG. 4.
Post-traumatic brain injury (TBI) environmental enrichment reduces post-traumatic drinking. Female mice underwent earlylife SHAM or TBI surgery and were placed in an enriched environment, or standard housing. (A) While standard housing produced increased ethanol consumption following TBI, environmental enrichment significantly reduced ethanol preference to the levels consumed by SHAM-injured mice (B) Environmental enrichment significantly increased cortical brain-derived neurotrophic factor (BDNF) gene expression and normalized BDNF expression following TBI. (C, D) Early life TBI resulted in axonal degeneration, as assessed via silver staining; however, the extent of degeneration was significantly reduced by environmental enrichment. An asterisk (*) indicates significant group differences ( p < 0.05). Scale bar = 20 lm.
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or olfactory cues, induced CPP only in injured female mice. 19 Taken together, these data strongly suggest that juvenile TBI increases the rewarding properties of alcohol. An analysis of immediate early gene expression following alcohol or vehicle administration indicated that early life injuries significantly alter both the basal and alcohol-stimulated activational state of several structures associated with drug reward, including the nucleus accumbens, central nucleus of the amygdala, and periaqueductal gray, but does so only in female mice. We used injury paradigms that were as similar as possible for the injuries at 21 and 60 days of age; however, as there is significant hardening of the skull by early adulthood, it is possible that the actual force transmitted through the brain varied between developmental periods. In any case, TBIs in children are a key public health issue as TBI is the most common cause of death and disability in children. 1 Juvenile girls are experiencing increasing rates of TBI in organized sports, particularly soccer. 20 Many pathophysiological responses to TBI produce greater impairment in younger populations, and outcomes are generally inversely proportional to the age of injury. 21 This developmental effect occurs despite the generally larger capacity for plasticity and repair in younger brains but may be secondary to the disruption of neurodevelopmental processes. 22, 23 The dopamine system is positioned to serve as a key mediator of TBI-induced alterations in reward processing. Dopaminergic agonists have shown some clinical efficacy in alleviating cognitive and mood dysfunction following TBI. [24] [25] [26] [27] Further dopaminergic dysfunction, indicated by reduced dopamine transporter binding following TBI, has been documented with single-photon emission computed tomography. 28 In experimental studies, tissue dopamine content appears to rise acutely after TBI. [29] [30] [31] This pattern of responses is highly consistent with the alterations in the dopaminergic system following adolescent but not adult exposure to bingelike levels of ethanol. 32, 33 Exposure to alcohol during early adolescence strongly drives dopamine release. However, adolescent alcohol appears to blunt dopaminergic signaling and responses to alcohol in adulthood. Specifically, mice that were exposed to alcohol in adolescence spontaneously drank more, and when re-exposed to alcohol in adulthood, exhibited reduced c-Fos activation in the nucleus accumbens core and dopamine efflux. 33, 34 Importantly, this effect was highly age specific as exposure to alcohol during later developmental stages reduced both the immediate dopamine efflux and the sensitization of the dopaminergic system to later ethanol exposure. 32 It seems possible, therefore, that the injury-induced surge of dopamine release throughout the forebrain sensitizes reward circuitry in a similar manner. Combining these data with the evidence for later long-term hypodopaminergia following TBI strongly suggests that increases in alcohol drinking behavior are mediated by three overlapping events. Dopamine efflux directly following injury during juvenile development alters long-term regulation of dopaminergic tone, which in turn reduces the alcoholinduced dopamine release in adulthood. Then, injury-induced dopamine dysfunction further reduces dopaminergic activity. Taken together, these events would produce a brain that is highly vulnerable to high levels of alcohol consumption. 32, 35, 36 Conversely, environmental enrichment, which has been shown to normalize dopaminergic tone following brain injury, blocked enhanced drinking. 37 Although the neuroprotective effect of environmental enrichment on TBI outcome is well documented, this is the first report indicating environmental enrichment as a method for reducing post-TBI alcohol consumption. Consistent with previous reports, BDNF gene expression in the ipsilateral prefrontal cortex of injured females was significantly reduced by TBI in standard-housed mice (importantly, this cohort of mice was not exposed to alcohol). However, environmental enrichment both increased BDNF in sham-injured mice and prevented injury-induced reductions in BDNF. Importantly, BDNF concentrations in peripheral blood are reduced in alcoholic patients but are higher during periods of abstinence. 38, 39 In experimental animals, BDNF expression is negatively associated with alcohol self-administration and CPP. 40 Further, chronic alcohol intake reduces BDNF gene expression. 40 In this study, cortical BDNF express was reduced in injured mice prior to exposure to any alcohol, suggesting that the reduced BDNF expression associated with chronic drinking may lead to an even further reduction of BDNF expression over time. Additionally, BDNF appears to oppose some of the alterations in neurotransmitter signaling that sensitize the brain to drugs of abuse, indicating that reductions in BDNF may exacerbate dopaminergic dysfunction induced by TBI. 41, 42 To the best of our knowledge, this is the first paper to report sex differences in post-traumatic drinking behavior. Here, female mice injured during early development drank much more than other females or males in any surgical condition. A greater understanding of the underlying biology of this phenomenon is of paramount importance given the epidemiological findings that TBI incidence may be increasing in young women and these patients may suffer worse outcomes. 43 Further, women are particularly vulnerable to medical consequences of heavy drinking, including liver disease, infertility, and mortality. 44, 45 It is important to note that in this study, females drank more than males regardless of surgical manipulation. This is consistent with other reports in laboratory rodents, where females self-administer more alcohol under both continuous and binge-like access conditions and in operant procedures. [46] [47] [48] [49] Additionally, female rodents appear to find ethanol more rewarding, as indicated by greater CPP and enhanced dopamine efflux following ethanol administration. 50, 51 Whether this higher basal preference for alcohol in female rodents is permissive and/or necessary for increases in drinking after juvenile TBI remains an open question. In any case, sex steroid hormones modulate alcohol intake and sex differences in alcohol abuse first appear around the time of puberty in both rodents and humans, and drinking behavior is modulated by sex steroid homones. 52, 53 Further study into the role of organizational and activational effects of sex steroids in mediating the effects of TBI on adult alcohol intake is warranted.
TBI is intricately interwoven with alcohol use and abuse, as alcohol is a precipitating factor in many injuries and alcohol abuse can reduce the effectiveness of rehabilitation. Further, brain injuries in childhood reduce health, life satisfaction, and career prospects, while increasing the chances of incarceration. The data presented here indicate that although juvenile TBI has persistent and potentially deleterious consequences across the life span, these consequences are not necessarily fixed at the time of injury. Environmental enrichment reduced axonal degeneration, normalized BDNF gene expression, and prevented the increase in drinking following TBI. Although rodent environmental enrichment is probably a relatively poor proxy for intensive cognitive and behavioral rehabilitation it does suggest that there is an opportunity for long-term benefits of early and prolonged intervention following TBI in young patients. Further, the model of TBI that we used in this study produced only subtle neuronal pathology and left the animals appearing grossly normal. There was no evidence of ADOLESCENT TBI AND ALCOHOL CONSUMPTIONneuronal cell bodies dying and axonal degeneration was relatively mild. These data highlight the potential for long-term adverse consequences of comparatively mild TBIs and indicate that much greater detection and intervention efforts are necessary in this population.
In conclusion, a relatively mild TBI that resulted in minimal functional impairments produced increases in alcohol intake and responses to alcohol in the reward system many weeks later, and did so only in juvenile females. Thus, this animal model can provide us a powerful tool to investigate the neurobiology underlying alterations in drinking behavior, sex differences, and the protective effects of environmental enrichment.
